Background: Diabetes mellitus (DM) is a metabolic disorder that occurs as a result of absolute or relative insufficiency of insulin release and/or insulin effect due to impairment of carbohydrate, fat and protein metabolism, and it is characterized by hyperglycemia and leads to various complications. Objective: In this study, it was aimed to investigate the effects of hesperidin (HP) and quercetin, which are natural flavonoids, on serum malondialdehyde (MDA), glutathione (GSH), tumor necrosis factor alpha (TNF-α), and interleukin-6 (IL-6) levels in rats with streptozotocin (STZ)-induced diabetes. Materials and Methods: The experimental animals were divided into four groups, each group comprising ten rats designated as follows: Group 1 served as control rats (C); Group 2 served as diabetic rats (DM); Group 3 served as diabetic rats administered HP (DM + HP) (100 mg/kg b. w.); and Group 4 served as diabetic rats administered quercetin (DM + Q) (100 mg/kg b. w.). Results: Serum MDA and GSH levels were significantly higher in STZ-induced DM group than control group (P < 0.05). In DM + HP and DM + Q groups, MDA levels were significantly decreased compared to DM groups (P < 0.05), but there was no significant difference GSH levels between DM, DM + HP, and DM + Q groups (P > 0.05). TNF-α levels in STZ-induced DM group were significantly decreased compared to control group (P < 0.05), and groups of DM + HP and DM + Q had higher serum TNF-α levels than STZ-induced DM group (P < 0.05). In STZ-induced DM group, serum IL-6 levels were decreased compared to control group (P < 0.05). Conclusion: As a result, in this study, we determined that HP and quercetin may play an effective role in regulating insulin metabolism metabolism in diabetes. However, considering the incompatibility of various results in the literature as well as our own results, we think that the actual role of cytokines in the pathogenesis of diabetes is one of the issues that need to be clarified in further studies. Key words: Diabetes mellitus, hesperidin, interleukin-6, quercetin, tumor necrosis factor-alpha
INTRODUCTION
Diabetes mellitus (DM) is a metabolic disorder that occurs as a result of absolute or relative insufficiency of insulin release and/or insulin effect due to impairment of carbohydrate, fat, and protein metabolism, and it is characterized by hyperglycemia and leads to various complications. [1, 2] Formation of free radicals is increased in diabetes, as a result of protein glycation and glucose autoxidation. Increased formation of free radicals and consequently decreased production of antioxidants was observed in diabetic patients. Therefore, the increased free radical concentration is considered to be one of the major complications of diabetes. [3, 4] Peroxidation of membrane lipids is one of the most important mechanisms of cell damage due to free radicals. Accordingly, structural and functional damage can occur in the cell membranes. The unsaturated bonds of cholesterol and fatty acids located in the membranes react with free radicals to cause peroxidation. [5] Membrane damage due to lipid peroxidation is irreversible and quite detrimental. Malondialdehyde (MDA), one of the end products of lipid peroxidation, causes cross-linking and polymerization of membrane components, and this causes deformation and changes in the membrane properties such as ion transportation, enzyme activity, and aggregation of cell surface components. Many studies have demonstrated the relationship between diabetic complications and lipid peroxidation. Therefore, controlling lipid peroxidation is critical. [6, 7] Under physiological conditions, the harmful effects of free radicals are reduced by the antioxidant defense system. Antioxidants inhibit lipid peroxidation by suppressing the peroxidation chain reaction and/or by collecting reactive oxygen species. Glutathione (GSH) is an endogenous antioxidant, and it is the primary mechanism that reduces intracellular hydroperoxides by reacting with free radicals. [8, 9] Numerous genetic and environmental factors play a role in the development of diabetic complications. Studies indicate a relationship between the occurrence and development of diabetic complications and the inflammation caused by increased production and release of cytokines. Nonetheless, the exact mechanism of chronic inflammation in DM could not be clarified, yet it is known that proinflammatory factors are synthesized and released from fat tissue. [10, 11] Cytokines are hormone-like mediators in the form of peptides or glycoproteins, that are produced by various cell types, and transmit intracellular signals and exhibit biological functions through specific cell surface receptors. [12] Tumor necrosis factor-alpha (TNF-α) is a potent cytokine, which is among type 1 proinflammatory cytokines released from macrophages an T lymphocytes and plays a dominant role in the development of insulin resistance. TNF-α has important functions in DM and its microvascular complications such as growth stimulation, cytotoxicity, and angiogenesis. [12, 13] Interleukin-6 (IL-6) is a cytokine that plays a key role in various cells that are not of immune system as well as in immune regulation. IL-6 is produced in most cell types of the immune system, mainly in endothelial cells, skeletal and smooth muscle cells, adipocytes, and islet β-cells. Induction of adhesion molecules is thought to be involved in the development of atherogenesis and vascular inflammation because of their possible role in damage-related inflammation and the relationship between monocytes and endothelium. [14, 15] The reason why DM is a popular research topic is because of its high incidence and high cost of treatment, and the fact that the definitive treatment is not developed yet. For this reason, many studies are being conducted on the treatment of this disease and new treatment methods are sought. Some researchers have focused on surgical procedures for the treatment of this disease while others have tried to develop new treatment options by testing some plant extracts rich in antioxidants. [16] Nutrients with antioxidant potential and various antioxidant compounds in these nutrients are capable of scavenging reactive oxygen derivatives as well as repairing or preventing damage from these compounds. [17] Quercetin (Q), a major flavonoid in human diet, exhibits maximal antiradical properties against hydroxyl radical, peroxyl, and superoxide anion, with respect to other flavonoids. As an effective antioxidant, quercetin is known to have cardioprotective, antiulcerative, anti-inflammatory, antiallergic, antiviral, and antibacterial properties. [18] [19] [20] Hesperidin (HP), a citrus bioflavonoid, exhibits such biological and pharmacological properties as anti-inflammatory, anticarcinogenic, antioxidative, and lipid-lowering activities. [21, 22] In this study, it was aimed to investigate the effects of HP and quercetin, which are natural flavonoids, on serum MDA, GSH, TNF-α, and IL-6 levels in rats with streptozotocin (STZ)-induced diabetes.
MATERIALS AND METHODS Chemicals
HP, quercetin, and STZ were purchased from Sigma Chemicals (Sigma Chemicals Co., St. Louis, MO, USA), stored at 2°C-4°C and protected from sunlight. All other chemicals were of analytical grade and were obtained from standard commercial supplies. 
Experimental animals

Forming experimental groups
The experimental animals were divided into four groups, each group comprising ten rats designated as follows: Group 1 served as control rats (C); Group 2 served as diabetic rats (DM); Group 3 served as diabetic rats administered HP (DM + HP) (100 mg/kg b. w.) [23] in aqueous suspension orally for 15 days; and Group 4 served as diabetic rats administered quercetin (DM + Q) (100 mg/kg b. w.) [24] in aqueous suspension orally for 15 days. The experimental diabetes model was administered as single-dose intraperitoneal injection of STZ at a dose of 60 mg/kg dissolved in a 0.4 mL (0.1M) sodium citrate buffer (pH: 4.5) using a 26 gauge insulin injector. After 72 h, blood was taken from the tail vein of the rats and measured by a glucometer. [25] Rats with fasting blood glucose over 200 mg/dl were considered as diabetic. [26] Blood samples were taken around 09.00-10.00 in the morning after 8-10 h of fasting to determine fasting blood glucose levels in rats.
Preparation of serum and tissue samples
At the end of the experiment, blood samples were taken by cardiac route to obtain sera samples of the rats which were administered ketamine (60 mg/kg) and xylazine (12 mg/kg) intraperitoneally and afterward cervical dislocations were performed and pancreatic tissues were removed. Blood samples were allowed for 20 min in the separation tubes then centrifuged for 10 min at 3500 rpm; and the supernatant was kept in the Eppendorf tubes at-80°C in the freezer until being analyzed for insulin, triglyceride (TG), total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), very low density lipoprotein (VLDL-C), MDA, GSH, TNF-α, and IL-6.
Biochemical analysis
The level of MDA, a measure of lipid peroxidation, was measured spectrophotometrically by the method described by Okhawa et al. [27] Then, 0.5 mL of 8.1% sodium dodecyl sulfate, 0.5 mL of 0.8% thiobarbituric acid, 1.0 mL of 10% of trichloroacetic acid (TCA), 1.0 mL of 2% glacial acetic acid/sodium hydroxide (pH = 3,5) and 50 µL of 2% butylhydroxytoluene were added to the serum samples (1.0 mL) and this mixture was thoroughly mixed and kept in a water-bath at 95°C for 60 min. After the tubes were chilled, a mixture of 4.0 mL of butanol/pyridine (1:15) was added, and the tubes were centrifuged at 4000 × g at + 4°C for 10 min. After centrifugation, the upper organic phase was removed and the absorbance was read at 532 nm for all samples. The MDA results were stated as nmol/ml. The GSH level was measured according to the method described by Elman.
[28] Accordingly, 1.0 mL of 10% TCA reagent was added to 0.5 mL of serum samples and then centrifuged at 2790 × g for 10 min to precipitate the pellet. The supernatant was transferred to another tube, mixed with 1.0 mL of 5,5 "dithiobis 2-nitrobenzoic acid (DTNB) solution, prepared by dissolving 30 mg DTNB in 1% sodium citrate, and 0.3 M sodium phosphate dibasic (Na 2 HPO 4 ) solution was added. When the yellow color appeared, the absorbance values of the samples were read at a wavelength of 412 nm. The GSH results were stated as mg/dl. The serum TNF-α and IL-6 levels were measured by means of enzyme-linked Immunosorbent Assay (ELISA) technique, using Rat ELISA kit (R and D Systems, USA) with the test procedure suggested by the producer. The TNF-α and IL-6 results were stated as pg/ml.
Histologic analysis
After all, animals were sacrificed; the pancreas tissues were collected and put into 10% neutral formaldehyde solution for fixation. After fixation for 72 h, the pancreas tissues were dehydrated in graded alcohol series, embedded in paraffin, and sectioned into 5 mm thicknesses using a microtome (Leica RM2125RT, Germany). The sections were used for histopathologic analysis. For that analysis, the sections were stained with Crossman modified Mallory's triple staining, and a photograph was taken using a light microscope with a camera attachment (Nikon Eclipse i50, Tokyo, Japan).
Statistical analysis
The SPSS 15.0 (SPSS 13.0 for Windows/SPSS ® Inc., Chicago, USA) package program was used to anayze the data and the results were expressed as mean ± standard error. Kolmogorov-Smirnov test was done to evaluate the distribution of variables. Continuous normally distributed measurements were compared across the groups using one-way analysis of variance with the Tukey method and the Student-Newman-Keuls method multiple comparisons. P < 0.05 was accepted as statistically significant.
RESULTS
A total of 40 rats, 10 rats in each group, were included in the study. Initial and final body weights of the rats are shown as the arithmetic mean ± standard error on Table 1 . There was no statistically significant difference between the initial body weights of the groups (P > 0.05). At the end of the experiment, the rats in the control group gained weight while the rats in DM, DM + HP, and DM + Q groups lost weight. Body weights in STZ-induced DM, DM + HP, and DM + Q groups were significantly decreased compared to control group (P < 0.05), but there was no significant difference in body weights between DM, DM + Q, and DM + HP groups (P > 0.05). 
Biochemical results
The biochemical characteristics of the groups are summarized in Table 2 . Serum total cholesterol, TG, LDL-C, VLDL-C, MDA, and GSH levels were significantly higher in STZ-induced DM group than control group (P < 0.05), but there was no significant difference HDL-C levels between groups (P > 0.05). In DM + HP and DM + Q groups, serum total cholesterol, TG, LDL, VLDL, and MDA levels were significantly decreased compared to DM groups (P < 0.05). Administration of quercetin and HP caused an increase in GSH levels more than those subjects in DM group, but this increase was not statistically significant (P > 0.05). Insulin concentrations were significantly decreased compared to control group (P < 0.05), and groups of DM + HP and DM + Q had higher insulin concentrations than STZ-induced DM group (P < 0.05). TNF-α levels in STZ-induced DM group were significantly decreased compared to control group (P < 0.05), and groups of DM + HP and DM + Q had higher serum TNF-α levels than STZ-induced DM group (P < 0.05) [ Figure 1 ]. In STZ-induced DM group, serum IL-6 levels were decreased compared to control group (P < 0.05). There was no significant difference in serum IL-6 levels between DM, DM + Q and DM + HP groups (P > 0.05) [ Figure 2 ].
Histologic results
In analysis of all groups, islets of Langerhans of control group were seen normal histologic structure as ellipsoids to round in shape and composed specifically of beta cells located at the central zone [ Figure 3 ]. Other endocrine cells in pancreas were generally placed in the peripheral region of Langerhans islets. However, in untreated diabetic group, many cells were characterized by the presence of cytoplasmic degranulation, pyknosis, and vacuolization. On the other hand, treatment with HP of diabetic rats led to a decrease in degenerated islet cells as compared with untreated diabetic group. Moreover, in quercetin group, a few of degenerated cells were observed as compared to those on untreated diabetic group [ Figure 3 ]. 
DISCUSSION
DM is a chronic disease with high mortality and morbidity that is rapidly increasing worldwide due to changing living conditions, and it is an endocrine disease as well as a metabolic disease characterized by impaired metabolism of carbohydrate, lipid, and protein. [29, 30] Recently, there has been increased interest in natural antioxidants in plants. Scientific reports and laboratory studies showed that the plants contain substances with a wide variety of antioxidant properties. Although numerous drugs have been developed and used for the treatment of diabetes, it is mainly because of their toxicity effect to the liver and kidneys, as well as their failure to respond to patient expectations, today we observe that alternative treatment options are also gaining importance. Indeed, about 800 kinds of plants, having the potential of clinical application are used in the treatment of diabetes today. [31, 32] In our study, we determined the effect of quercetin and HP, which are also natural flavonoids obtained from plants, on insulin, HDL-C, LDL-C, TG, MDA, GSH, TNF-α, and IL-6 in experimental diabetes-induced rats. In their study on rats with STZ-induced DM, Pawelczyk et al. [33] observed a significant decrease in plasma insulin levels and an increase in glucose levels. In another study, Sanders et al. [34] reported significantly elevated serum glucose levels in the rats of STZ-induced DM groups while the results in the control and quercetin-administered rat groups were close to each other. In the serum samples obtained in our study, TG and LDL-C levels increased significantly in the diabetic rats compared to the control group, and insulin levels decreased in the DM group compared to the control group. We observed no statistically significant difference in HDL-C levels between the groups in our study. In rats, flavonoids were reported to protect the Langerhans islets in pancreas, after diabetes was induced with STZ; however, regeneration was reported in these cells. [35] STZ leads to insulin insufficiency by causing insulin deficiency in ß cells where insulin production occurs. [31] Quercetin was also reported to have antifibrotic, anticoagulative, antibacterial, antiatherogenic, anticancerogenic, antihypertensive, and antiproliferative properties. [36, 37] In many studies, quercetin supplements were shown to have positive effects on decreasing insulin levels in diabetic rats. [32, 35, 38] In accordance with the previous studies, quercetin administration reduced blood TG and LDL-C levels and increased insulin levels of diabetic rats compared with DM group in this study. [32, 34] In their study investigating antidiabetic effects of quercetin in STZ-induced diabetic rats, Vessal et al. [39] reported that plasma glucose levels significantly decreased and insulin levels increased in the diabetic group treated with quercetin with respect to the STZ-induced diabetic group. Abdelmoaty et al. [35] also reported in their study that, quercetin administration reduced blood glucose levels while increased insulin levels in those rats that diabetes was induced, suggesting that quercetin can reduce oxidative stress through its antioxidant properties. HP, a member of the biflavonoid group, is a potent antioxidant with effects similar to Vitamin E. It exhibits various biological effects in many mammalian cell systems. Its antimicrobial, antiviral, antihypertensive, hypolipidemic, antiulcerogenic, antineoplastic, anti-inflammatory, antioxidant, and antihepatotoxic effects were shown in in vitro and in vivo studies. [40, 41] In their study, Akiyama et al. [42] reported that HP decreased glucose levels and increased insulin levels in the STZ-induced diabetic model. In another study, Mahmoud et al. [43] established a diabetes model with STZ and reported that HP administration significantly reduced the elevated levels of TG and LDL-C in the diabetic group. It was also observed in our study that blood TG and LDL-C levels decreased significantly and insulin levels increased in the quercetin and HP -treated groups in comparison to the DM group, in accordance with the literature. In the studies investigating the correlation of oxidative stress with diabetes and diabetes-related complications, it is suggested that the damage occurred in the β-cells, which are known to be very susceptible to oxidative stress, may be due to the toxic effects of hyperglycemia. [35, 38] It is also underlined in these studies that, tissue damage, which is the result of energy metabolism, increased the production of free radicals and lipid peroxidation and suppresses antioxidant system. Studies on oxidant-antioxidant status in rats before and after diabetes and determined that the level of MDA, the end product of lipid peroxides, were significantly increased in the diabetic group, indicating that, an increase in lipid peroxidation may be important criteria for the development of DM and related complications. [9, 44, 45] In recent years, studies on experimental diabetes-induced rats and diabetic patients revealed that free oxygen radicals and lipid peroxidation increase considerably and take an active role in the etiology and development of diabetes. [44] The most important problem in DM is the accumulation of glucose in blood when it is not metabolized and the increase of harmful free radicals due to the use of lipids in energy production. In the case of diabetes, autoxidation of glucose increases and oxidized glucose is transformed into glucose acids, and in the meantime, it leads to the formation of free radicals. [43] We found a statistically significant difference in MDA levels of the STZ-induced DM group in comparison to the control group, which was compatible with the literature. We determined a statistically significant difference in MDA levels of our DM + Q and DM + HP groups in comparison to DM group. We can suggest that elevated MDA levels in diabetic rats might reflect increased rate of superoxide radical production while reduced MDA levels may be related to the capture of the resulting radicals by quercetin and HP. We have the conviction that the administration of quercetin and HP has a positive effect on lipid peroxidation, which may be related to the enhancement of the endogenous antioxidant defense system by HP and quercetin to scavenge the radicals from the environment, hence, prevent the formation of MDA. GSH is an important antioxidant molecule capable of scavenging free radicals and repairing biological damage from free radicals. GSH, which exists in reduced form in the cell, reduces endogenously produced peroxides as it gets oxidized. Most of the GSH must be kept in a reduced state so that it can effectively protect the cell. GSH inhibits free radicals by participating in detoxification reactions and supports sustaining the normal cell structure and function by protecting redox homeostasis. In the studies, GSH levels are reported to be significantly lower in diabetic patients than in healthy controls. [9, 46] In our study, a statistically significant decrease in GSH levels was determined in the DM group in comparison to the control group. The decrease determined in GSH levels in diabetes indicates that its consumption gets increased by the body against oxidative stress. In our study, administration of quercetin and HP caused an increase in GSH levels more than those subjects in DM group, but this increase was not statistically significant. Soliman [47] pointed out that hyperglycemia increased oxidative stress and remarked that the resultant antioxidant depletion should be considered as a risk factor for the development of diabetic complications. It was also concluded that the increase in MDA levels and the decrease in GSH levels can lead to imbalance and instability between plasma oxidant and antioxidant systems. [47] Most of the interactions between immune system cells are controlled by soluble mediators called cytokines. Cytokines are not only the kind of proteins regulating the local or systemic inflammatory responses through cell-to-cell interactions but they also play a role in wound healing, hematopoiesis and many other biological events. TNF-α, one of the major proinflammatory cytokines released from mononuclear cells, was reported to induce the changes in endothelial cell morphology and behavior, also stimulate cytokine synthesis and extracellular matrix proteins. [48, 49] There are findings that IL-6 contributes to the development processes of both types of diabetes and has influence on glucose balance and metabolism through pancreatic beta cells. [14] These two cytokines were also suggested to be associated with diabetic microvascular complications, and TNF-α was involved in the pathogenesis of diabetes as a consequence of increased serum TNF-α levels in DM. [50] Fidan et al. [51] determined that serum TNF-α and IL-6 levels in diabetic female rats induced with STZ for 6-8 weeks were similar to control subjects. Altinova et al. [52] showed no statistically significant difference for serum TNF-α and IL-6 levels between patient groups with and without microvascular complications of DM. In the studies examining TNF-α levels in diabetes, there are reports showing similar as well as increased TNF-α levels, in comparison to the control subjects. [53] [54] [55] In our study results, TNF-α and IL-6 levels statistically significantly decreased in STZ-induced DM group with respect to the control group. There are many diabetes studies on cytokines in the literature with conflicting results and it is not clear yet whether cytokine parameters can be used to assess the pathogenesis of diabetes. At the end of our study, weights of the rats of STZ-induced DM group decreased statistically significantly compared to the control group. IL-6 and TNF-α are considered as adipokines secreted from adipose tissue macrophages. Inflammatory markers in plasma such as IL-6 and TNF-α were reported to increase constantly in obesity and correlate with adiposity. [56, 57] Studies reported the secretion of TNF-α and IL-6 by subcutaneous fat tissue. [58, 59] In our study, decreased levels of TNF-α and IL-6 in the DM group can be possibly attributed to the ability of the adipose tissue to produce [60, 61] and secrete TNF-α and IL-6. [62] We speculate that weight loss determined in the rats of the DM group can result in decreased production of TNF-α and IL-6 levels secreted by adipose cells due to decreased fat tissue. DM is characterized by permanent destruction of pancreatic beta cells. This destruction leads to degranulation and decreased insulin secretion. [63] In our study, we observed some morphological changes in the pancreas of STZ-induced diabetic rats, that regressed by the administration of HP and quercetin, which is likely to be the result of their antioxidant effect. There are many studies in the literature reporting different results. This difference may be due to measurement of TNF-α or TNF-α receptor level. The reason is, there is evidence that the level of TNF-α receptor may better reflect TNF-α activity, yet there is no consensus on this conception. Some studies measure TNF-α levels while others TNF-α receptor levels. In our study, HP and quercetin administration increased TNF-α levels statistically significantly as compared to DM group while there was no significant difference in IL-6 levels. As a result, in this study we determined that HP and quercetin, which are natural flavonoids and favorable as active antioxidants, showed positive effects on insulin, TG, LDL-C, and MDA levels of the experimental diabetic rats induced with STZ and we also hypothesize that they may play an effective role in regulating insulin metabolism in diabetes. However, considering the incompatibility of various results in the literature as well as our own results, we think that the actual role of cytokines in the pathogenesis of diabetes is one of the issues that need to be clarified in further studies.
